Cortical alpha oscillations (8-13 Hz) appear to play a role in suppressing distractions when just one sensory modality is being attended, but do they also contribute when attention is distributed over multiple sensory modalities? For an answer, we examined cortical oscillations in human subjects who were dividing attention between auditory and visual sequences. In Experiment 1, subjects performed an oddball task with auditory, visual, or simultaneous audiovisual sequences in separate blocks, while the electroencephalogram was recorded using high-density scalp electrodes. Alpha oscillations were present continuously over posterior regions while subjects were attending to auditory sequences. This supports the idea that the brain suppresses processing of visual input in order to advantage auditory processing. During a divided-attention audiovisual condition, an oddball (a rare, unusual stimulus) occurred in either the auditory or the visual domain, requiring that attention be divided between the two modalities. Fronto-central theta band (4-7 Hz) activity was strongest in this audiovisual condition, when subjects monitored auditory and visual sequences simultaneously. Theta oscillations have been associated with both attention and with short-term memory. Experiment 2 sought to distinguish these possible roles of fronto-central theta activity during multisensory divided attention. Using a modified version of the oddball task from Experiment 1, Experiment 2 showed that differences in theta power among conditions were independent of short-term memory load. Ruling out theta's association with short-term memory, we conclude that fronto-central theta activity is likely a marker of multisensory divided attention.
Introduction
At least since James (1890) , intentional ignoring has been recognized as integral to selective attention. Numerous studies have investigated intentional ignoring by asking subjects to selectively attend to one stream of information while ignoring other information (e.g., Stroop, 1935) . Additionally, investigations of selective attention's neural underpinnings suggest that the prefrontal cortex biases visual gating in the visual thalamic reticular nucleus (Wimmer et al., 2015) , thus performing a critical role in selective attention. Recent work identified cortical oscillations in the alpha band (8-13 Hz) as markers of intentional ignoring (for review, Payne and Sekuler, 2014) . Specifically, increased power in the alpha band has been associated with suppression of distracting signals within separate sensory streams, such as vision or audition (Kelly et al., 2006; Payne et al., 2013; Dubé et al., 2013; Mazaheri et al., 2014) .
Demonstrating alpha oscillations' role in perceptual discrimination, Mazaheri et al. (2014) found that pre-stimulus alpha power in distinct brain regions predicted the speed of visual and auditory discrimination.
Finally, application to the scalp of transcranial magnetic stimulation (TMS) within the alpha frequency range, showed that alpha oscillations were not simply correlated with selective attention but are actually causally involved in the suppression of distracting sensory information (Romei et al., 2010) .
While much previous work on alpha oscillations' role in sensory suppression has concentrated on task-related oscillatory power (Worden et al., 2000; Kelly et al., 2006; Thut et al., 2006; Romei et al., 2008 Romei et al., , 2010 , recent research has suggested that oscillatory phase and phase-resetting may be critical for attention and ignoring (VanRullen et al., 2011) . For example, posterior alpha phase is shifted just prior to an anticipated visual distractor (Bonnefond and Jensen, 2012) , and pre-stimulus phase of posterior alpha activity predicts the success or failure of stimulus detection (Mathewson et al., 2009) . It seems, therefore, that fluctuations in cortical excitability, which have been termed "pulsed inhibition" of cortical activity, influence whether information from the environment reaches conscious awareness. Although the relationship between alpha oscillations (both power and phase) and selective attention has been repeatedly demonstrated in a wide variety of tasks, it remains to be clearly demonstrated that alpha oscillations are sustained over time if the sensory input that must be suppressed is a continuous one. We hypothesize that alpha power and phase synchrony will reflect ongoing ignoring of distracting visual information when a task demands attention to an auditory stimulus for an extended period.
For many everyday tasks, selective attention to one sensory modality at a time is critical. However, when attention is directed toward one modality, it may not always possible to shut out completely inputs from a different modality. For example, Keller and Sekuler (2015) presented subjects with simultaneous visual and auditory sequences, instructing them to attend the visual sequence while ignoring the accompanying auditory sequence. Despite this instruction, and despite the performance cost associated with failure to comply, subjects were unable to completely filter out the auditory sequences. Moreover, in tasks that do not entail distracting information in one sensory modality, it is often advantageous to share attention between multiple, concurrent sensory inputs. For example, a driver barreling down the highway while having an urgent conversation on a mobile phone tries to attend to both streams of information, visual and auditory; after all, completely ignoring one in favor of the other would have consequences. Because so many situations require division of attention between audition and vision, we felt it was imperative to investigate the neural mechanisms underlying processing of concurrent auditory and visual sensory streams.
One early study of shared attention's neural substrate made use of functional magnetic resonance imaging to characterize the neural basis of shared attention (Johnson and Zatorre, 2006) . The overall results suggest that while unimodal selective attention involves modulation of sensory specific cortical regions, shared attention recruits frontal areas of the brain. Though this work identifies some brain locations that are involved in multisensory divided attention, the actual mechanism underlying shared attention remains unknown.
Despite abundant, separate research on cortical oscillations and on multisensory attention, little has been done to systematically associate particular cortical oscillations with the allocation of attention among multiple sensory streams. Given the idea proposed by Kopell et al. (2010) that particular frequency bands of cortical oscillations participate differentially in various cognitive functions, as well as recent research into the mechanisms by which oscillations give rise to cognition (Cannon et al., 2014) , we hypothesize that different types of attentional allocation would be associated with different frequency bands of oscillatory activity. Specifically, we hypothesize that theta oscillations (4-7 Hz) play a role in multisensory divided attention, similarly to the way that alpha oscillations play a role in selective ignoring of distracting sensory information. This hypothesis reflects the fact that theta oscillations have been implicated in various functions related to multisensory divided attention, such as audio-visual integration (Sakowitz et al., 2000) and cognitive control (Cooper et al., 2016; Cavanagh and Frank, 2014; Cavanagh et al., 2010) .
A recent review by Cavanagh and Frank (2014) summarized the current understanding of theta oscillations' functional role in what the authors characterized as "cognitive control." The review noted that studies in humans, monkeys and rats had all implicated frontal-midline theta oscillations in functions such as novelty detection (Cavanagh et al., 2011) and top-down control of memory encoding (Rutishauser et al., 2010) . That top-control can be viewed as a function that prioritizes "goal directed bias over habitual responses" (Cavanagh and Frank, 2014 ). It appears that phase resetting of theta oscillations enhances communication among disparate brain regions during cognitive control processes. According to this view, theta oscillations promote the cognitive control needed to prepare the brain's response to uncertainty about stimulus conditions (Cavanagh et al., 2010) . Klimesch (1996) presented an alternative view of theta cortical oscillations, arguing for a link between those oscillations and memory processes. That view takes account of the fact that anterior theta oscillations have been associated with short-term memory Arnolds et al., 1980) . In particular, theta power was increased during the encoding of words that would later be correctly recognized, and theta synchrony was higher during a correct recognition response (Klimesch et al., 1997) . Although previous research on the role of theta oscillations has focused on theta generated in the hippocampus, Klimesch (1996) points out strong bidirectional connections between hippocampus and neocortex, which could explain how recordings of scalp EEG could were able to capture theta activity originating sub-cortically, in the hippocampus. So, several studies have reported increased theta oscillations during various cognitive tasks, but few have tried to select between competing hypotheses for the function of theta oscillations. And none has done so successfully. Therefore, an important next step will be to differentiate or reconcile these competing views.
Experiment 1
To investigate oscillatory activity associated with multi-sensory divided attention, we used a high-density array of scalp electrodes to capture electroencephalographic (EEG) signals while subjects were presented with Auditory, Visual, or concurrent Audio-Visual sequences. Into a few of these sequences, an unusual ("oddball") stimulus was occasionally inserted (Squires et al., 1975; Noyce and Sekuler, 2014) . Subjects attended to each sequence, but made a response only when an oddball occurred. Responses were signaled by pressing a key on a keyboard.
For Auditory sequences, the oddball was an unusual auditory stimulus; for Visual sequences, the oddball was an unusual visual stimulus; for the divided-attention Audio-Visual condition, the oddball could occur in either the auditory or the visual domain. This required that in the Audio-Visual condition, attention be paid to both modalities. As performance at the oddball task would be undermined by a lapse in attention, we fashioned the characteristics of the oddball task so that subjects were likely to perform at ceiling in all conditions, rarely missing or responding slowly to an oddball stimulus. We took this as a marker of successful sustained attention.
In our experiments, stimuli were presented as sequences of events. We took care that the sequences of all types would be presented at a rate that was slow enough not to advantage auditory processing, which has a high temporal frequency cut off, over visual processing, which has a relatively low temporal frequency cut off (Freides, 1974; Welch and Warren, 1980; Noyce et al., 2016) .
Methods

Subjects
Twenty-seven subjects gave written informed consent and completed the experiment. Data from eight of these subjects were excluded from analysis because of excessive EEG artifacts, that is epoch rejection rate >20%. Additionally, one subject's data was excluded because after testing, he acknowledged having an attentional deficit. Of the remaining eighteen subjects, 9 were female and 9 were male. All subjects were between 18 and 24 years old, were right-handed as characterized by the Edinburgh Handedness Inventory (Oldfield, 1971) , had normal or corrected-to-normal visual acuity (Snellen visual acuity 20/40 or better), and had clinically-normal hearing, e.g., pure tone thresholds at 0.25, 0.5, 1, 2, 4 and 8 kHz of at least 20 dB SPL in the better ear (Mueller and Hall, 1998) . Each received $30 (U.S.) for participation.
Stimuli
An experimental session comprised 360 trials organized into six blocks, with two blocks devoted to each type of sequence. Fig. 1 shows schematic representations of events in each sequence type, Visual, Auditory, and Audio-Visual. On 20% of all trials, as explained below, a oddball was inserted into a sequence. Descriptions of stimuli in each condition can be found in Table 1 .
Unimodal Visual sequences comprised eight luminances presented to a single square region ∼8.5°per side. The luminances in a sequence were chosen randomly from the set [2, 15, 29, and 46 cd/m 2 ]. Within a sequence, each of the four possible luminances was presented exactly twice, in random order. Stimulus were displayed on a 21-in. ViewSonic cathode ray tube monitor, set to an 85 Hz frame rate, and screen resolution of 1600×1200 pixels. The screen's background luminance was clamped at 20 cd/m 2 . Subjects were instructed to respond by pressing the spacebar on a computer keyboard when they saw a visual oddball (a red disc in place of one of the squares in the sequence), while withholding responses otherwise.
Unimodal Auditory sequences consisted of eight 250 Hz tones delivered in succession through Bose Companion 2 Series III speakers. These were located 75 cm apart centered on the subject's mid-sagittal plane and 92 cm from the subject's head. The tones in a sequence were chosen randomly from four possible loudness levels, 50, 57, 65, and 73 phons; 50-70 dB SPL . Each of the four possible loudness levels appeared exactly twice on each trial, in random order. Subjects were instructed to respond as rapidly as possible to each auditory oddball (a 350 Hz tone in place of one of the tones in the sequence), while withholding responses otherwise.
Audio-Visual sequences comprised synchronous presentation of both a visual and an auditory sequence, which were described in the preceding two paragraphs. On trials with Audio-Visual sequences, subjects were instructed to respond as rapidly as possible to the presentation of an oddball stimulus, which could be either a visual oddball (a filled red disc) or an auditory oddball (a higher-pitched tone). The two types of oddballs occurred randomly and with equal frequency, 10% visual oddballs and 10% auditory oddballs. Subjects were informed that on a given trial, an oddball might occur in either sensory domain, but not in both.
To ensure that the first item in a sequence was not missed by the subject, sequences were designed so that neither the lowest luminancelevel (7 cd/m 2 ) nor the quietest tone (50 phons) appeared as the first item in a sequence.
Because of a programming error discovered only after analysis of Experiments 1 and 2 had been completed, the presentation rates of the eight items comprising a stimulus sequence varied somewhat from trial to trial. Moreover, the distributions of these randomly generated presentation rates varied by condition. The rate of presentation of the eight items in a Visual trial had a mean of ∼4.84 Hz and standard deviation of ∼0.23 Hz. The rate of presentation of the eight items in an Auditory trial had a mean ∼5.22 Hz and standard deviation ∼0.36 Hz. The rate of presentation of the eight items in an Audio-Visual trial had a mean ∼6.18 Hz and standard deviation ∼0.40 Hz. The General Discussion addresses the implications of this error for the interpretation of the results. As trial-to-trial differences in presentation rate produced variation in the precise timing of the end of the stimulus presentation, we analyzed EEG signals during the interval of 1000 ms following stimulus onset for all trials to maintain consistency in epoch length. This allowed us to examine whether alpha oscillations continue for a full second during selective attention as well as whether theta oscillations are present upon the onset of synchronous auditory and visual stimuli.
Procedure
Before beginning the experiment, all subjects completed 30 practice trials, 10 each of Visual, Auditory and Audio-Visual in the same order as the blocks would be presented during the experiment. Of these sequences, 30% contained an oddball. Subjects then participated in six blocks of trials: two blocks each of Visual, Auditory and Audio-Visual. In every block, 20% of the trials included an oddball stimulus in the sequence. The random order for the first three blocks was counterbalanced across subjects, and the final three blocks repeated the order of the first three blocks. Unimodal blocks consisted of 50 trials, 10 of which contained oddballs; Audio-Visual blocks consisted of 80 trials with 16 oddballs (eight visual, eight auditory). This imbalance in the total number of trials per block was meant to bring the number of visual and auditory oddballs in Audio-Visual blocks close to the number of oddballs in Visual or Auditory blocks. Self-paced breaks were allowed between each block as well as half-way through each block. Electrode impedances were checked midway through the experiment and adjusted to <50 kΩ.
Each trial began with a fixation cross in the center of the screen. One second later, the sequence of eight items, Auditory, Visual or Audio-Visual, began. Responses to oddballs were allowed at any time during the stimulus presentation, or up to one-second after the sequence's end. A response made during the stimulus presentation terminated the sequence. When either a response was made or the time-window for response had elapsed, the color of the fixation point changed for 350 ms to provide feedback to the subject. If the response had been correct (either a response to an oddball, or correctly withholding a response if there been no oddball), the fixation cross turned green; if the response had been incorrect (either a missed oddball or a false positive), the fixation cross turned red during the feedback interval.
EEG recording and analysis
Electroencephalographic (EEG) signals were recorded from the scalp using a high-density, 129-electrode array (Electrical Geodesics, Inc.) and high-impedance amplifiers. All channels were adjusted for scalp impedance <50 kΩ. Signals were sampled at 250 Hz with a 0-125 Hz analogue bandpass filter, and stored for offline analysis. Bipolar periocular channels were recorded from above and below each eye, and from a location near the outer canthus of each eye. EEG signals were preprocessed using the EEGLAB toolbox (Delorme and Makeig, 2004) for Matlab (Mathworks) . The recorded signals were re-referenced to the grand average. A 0.5 Hz Butterworth high-pass filter and a 60 Hz Parks-McClellan notch filter were applied. Eye blinks were identified by visual inspection of independent component analysis (ICA) and eliminated. Epochs containing muscle artifacts or saccades, identified through ICA and visual inspection, were rejected. Wavelet analysis and plotting were performed using the FieldTrip Matlab toolbox 2013-10-24 (Oostenveld et al., 2011) . Time-frequency representations were computed using Morlet wavelets with a width of 4 cycles per wavelet at center frequencies between 1 and 70 Hz, in 1 Hz steps. We initially calculated wavelet theta and alpha power for each electrode during epochs extending from 600 ms prior to stimulus onset through 1600 ms after the onset of a sequence, before selecting narrower time epochs for analysis. In all presentations of results, "0 ms" refers to the time point of stimulus onset, that is the moment at which the first item of an eight-item sequence began was presented. Theta and alpha power values were log transformed in order to better approximate a normal distribution. Note that all analyses of EEG activity excluded trials in which an oddball occurred.
Based on prior work investigating alpha oscillations' involvement in selective attention , we selected an a priori cluster of electrodes in the posterior region of the scalp (E62, E66-67, E70-72, E76-77, and E83-84) . This cluster centers on electrode 'Pz' and includes symmetrical regions to the left and right of this electrode. For our analyses of theta activity associated with divided attention, we chose a second a priori cluster of electrodes in the frono-central region of the scalp (E5-7, E12-13, E106, and E112). Based on previous investigations of the frontal-midline theta rhythm and its involvement in cognitive control (Cohen and Donner, 2013) , we centered this cluster on electrode 'Fz' and included a circular region around this electrode. The posterior and anterior clusters are depicted in the topography plots of Figs. 2 and 5.
We also analyzed the inter-trial phase coherence (ITPC) of the recorded activity within our electrode clusters of interest and within particular frequency ranges of interest (either alpha or theta) (Lachaux et al., 1999) . We calculated ITPC values using the FieldTrip Matlab toolbox (Oostenveld et al., 2011) , which calculated a Fourier spectrum of the data and used this spectrum to determine phase coherence at a particular frequency. The formula, adopted from Delorme and Makeig (2004) , is shown in Eq. (1), where ∥ represents the complex norm, k represents a given trial, and f represents a particular frequency. If, at a given time point, the oscillatory activity in a particular frequency band across trials and across participants forms a uniform distribution, then the ITPC value will be zero. Alternatively, if the oscillatory activity in the particular frequency band is at the same phase across all trials and participants, this would yield an ITPC value of one. The ITPC therefore provides a measure of the consistency of the oscillations we observed, and may provide insight into the importance of phase in the mechanisms underlying attention. ITPC values that considered relatively high in recent work with human subjects range from approximately 10-20% (Behroozi et al., 2016; Almeida et al., 2016) .
(1)
Results
Behavior
In all conditions, oddball stimuli were detected at rates very near or at ceiling. Mean hit rates were: Visual, ∼1.00; Auditory, 0.93; Visual oddball in Audio-Visual, 0.98; and Auditory oddball in Audio-Visual, 0.97. Only four of the 18 subjects made any false positive responses whatever (2, 2, 1, and 5 each, out of a total of 360 trials). The fact that oddball detection was near ceiling indicates that subjects had no apparent difficulty with attending to the stimulus sequences. Moreover, because an oddball item could replace any of the eight items in a given trial, these hit rates also imply that subjects were alert during the entire sequence rather than just at the beginning.
Alpha band oscillations
As shown in the left-hand column of Fig. 2 , topographies of alpha activity during the first second of stimulus presentation (0-1000 ms) showed that alpha activity was consistently present over posterior regions, including within the posterior cluster of electrodes chosen a priori. While posterior alpha power was high in the Auditory condition during the stimulus, in the Visual and Audio-Visual conditions posterior alpha power decreased following stimulus onset. This difference is apparent also in the time-frequency transforms for the posterior cluster of electrodes (see the top row of Fig. 3) .
A repeated-measures ANOVA compared alpha power in the posterior electrode cluster during stimulus sequences in all three conditions (Auditory, Visual, and Audio-Visual). The result confirmed that alpha power varied significantly with condition (F(2, 34)=20.61, p < 0.001, η = 0.55
). Post-hoc tests revealed that this main effect was driven by higher posterior alpha power in the Auditory condition as compared to the Visual and Audio-Visual conditions (Tukey HSD, both p < 0.01, d=0.55 and 0.67 respectively). As previous experiments had implicated alpha activity in selective ignoring of task-irrelevant information (Foxe et al., 1998; Gomez-Ramirez et al., 2007; Mathewson et al., 2009; Snyder and Foxe, 2010; Payne and Sekuler, 2014) , the continuous posterior alpha activity seen during Auditory trials is likely a marker of the suppression of visual input, perhaps so as to advantage auditory input.
Theta-band oscillations
The spatial distribution and temporal dynamics of theta-band (4-7 Hz) activity are strikingly different from that seen in the alpha band. The topographical displays in the right-hand column of Fig. 2 show that theta activity is most pronounced in fronto-central regions, including within the cluster of electrodes selected a priori. Time-frequency transforms over this significant anterior cluster, shown in the bottom row of Fig. 3 , confirm that fronto-central theta power, especially in the Audio-Visual condition, is highest after stimulus onset and dissipates thereafter.
As explained previously, we expected that theta power would be highest in the Audio-Visual condition, reflecting theta's involvement in multisensory divided attention. To test this, a repeated-measures ANOVA examined theta power in the anterior cluster of electrodes in the three conditions (Auditory, Audio-Visual, Visual). The results show a significant main effect of condition (F(2, 34)=6.84, p=0.003, η = 0.29
). A post-hoc comparison between the Audio-Visual and the Visual conditions reveal significantly higher theta power in the AudioVisual trials (Tukey HSD, p < 0.01, d=0.46). This confirms the notion that fronto-central theta power increases during the presentation of a stimulus that necessitates simultaneous auditory and visual attention.
Discussion
Using both unisensory and multi-sensory attention tasks, we characterized the cortical oscillations associated with selective attention and multisensory divided attention. These results may be explained by the idea that, in order to advantage processing of auditory inputs, persisting alpha oscillations contribute to suppression of taskirrelevant visual information. Additionally, we found that evoked theta oscillations are associated with the allocation of attention between equally task-relevant visual and auditory streams of information.
In Auditory, Visual, and Audio-Visual conditions, posterior alpha power appeared high prior to the start of the stimulus sequence. However, only in the Auditory condition did alpha oscillations persist throughout the entire duration of the stimulus. The appearance of alpha oscillations before the stimulus is consistent with previous research showing that increased pre-stimulus alpha power can serve a preparatory function in some attention tasks, such that pre-stimulus alpha power is predictive of subsequent performance (Haegens et al., 2012; Dubé et al., 2013; Payne et al., 2013) . Our results show that the power of posterior alpha oscillations diminishes rapidly upon onset of a visual stimulus. Specifically, alpha power decreases and alpha phase desynchronizes. This is consistent with prior results showing that cortical alpha oscillations desynchronize with eye-opening, a phenomenon noted during the first recordings of scalp EEG, and known after the discoverer as the "Berger Effect" (Kirschfeld, 2005) . However, alpha oscillations that we saw during an entire Auditory stimulus may do more than simply reflect the absence of visual stimuli. Previous research suggests that the continuous alpha power seen during the Auditory stimuli represents active visual ignoring. Payne et al. (2013) showed that in a visual cued attention task, posterior alpha oscillations represented the suppression of to-be-ignored stimuli. In their paradigm, alpha power during a stimulus that was to be ignored was a good predictor of recall accuracy for a stimulus that was to be remembered, showing that alpha oscillations were related to a suppression of intrusion of distracting information. As our subjects were instructed to maintain fixation on the cross in the center of the screen during the Auditory blocks, it may be that they adopted a strategy of suppressing distracting visual input to advantage the task-relevant auditory input. On this assumption, because no background auditory stimulus was present during Visual trials, it may not be surprising that the analogous effect of auditory ignoring was not seen. In fact, one would also not expect continuous alpha power in the Audio-Visual condition because the task mandated that subjects attend to both streams of information. Future studies may confirm this interpretation by examining changes in alpha power when simultaneous auditory and visual sequences are presented and subjects are instructed to selectively attend either the auditory or visual sequence on each trial.
The finding that alpha activity persists during an entire one-second long period of selective ignoring challenges a current view of the mechanisms that underlie auditory selective attention. Specifically, this finding reinforces the idea that attention is not simply a matter of focusing on relevant information, but that it also reflects suppression of irrelevant information, a view that is consistent with prior work (for review, Payne and Sekuler, 2014) and the early conceptualizations of attention proposed by James (1890) . By showing that auditory attention involves suppression of visual information, this result projects ideas about selective attention into a multisensory context. Specifically, the result is consistent with the view from work on multisensory processing that information in one sensory modality can influence perception and memory for information from another modality (Keller and Sekuler, 2015; Teramoto et al., 2013; Hidaka et al., 2009; Sekuler et al., 1997; Shams et al., 2000; Shipley, 1964; Teramoto et al., 2010; McGurk and MacDonald, 1976) . In other words, suppression of irrelevant information in one sensory modality can advantage the processing of information in another sensory modality.
Our results showed that fronto-central theta power is greatest when a task requires that subjects divide attention between concurrent auditory and visual streams of information. Time-frequency transforms (shown in the bottom row of Fig. 3 ) revealed that theta activity is evoked by stimulus onset, and is highest at the beginning of the stimulus presentation. Although scalp EEG does not lend itself to precise source-localization, prior research utilizing structural neuroimaging techniques such as MEG have indicated that fronto-central theta oscillations typically emerge from the vicinity of the midcingulate cortex, and show up at fronto-central scalp electrodes, as in the present study (Loose et al., 2003) .
Though theta power was clearly highest in the Audio-Visual condition, as shown in Fig. 3 , it is worth noting that theta oscillations in the Auditory condition followed a time course similar to that for Audio-Visual. This similarity may have come from the fact that some visual stimulation, though task-irrelevant, was nonetheless present in the Auditory condition. Subjects performed the task in a normally-lit room rather than in total darkness, and were told to maintain fixation on a cross in the center of the screen. Therefore, it may be that subjects were attending to both visual and auditory information, though perhaps not to the extent demanded by the Audio-Visual condition. As there was no equivalent auditory background noise during Visual trials, it follows that this theta marker of multisensory divided attention would be observed least in the Visual condition.
Although our results show that consistent theta-band activity occurs during multi-sensory divided attention, they do not identify the specific function that these oscillations play. The rapid onset of theta oscillations seen only during the first 250 ms of the Audio-Visual stimulus (see Fig. 3 ) suggests that theta is associated with preparation to attend to multiple sensory modalities, perhaps by facilitating communication with other parts of the brain. This hypothesis is supported by demonstrations that cortical oscillations in the alpha and theta frequency bands reflect signals arising from distinct subregions of thalamus, and that each of those sub-regions can in turn be modulated by frontal cortex (Ketz et al., 2014) . Followup studies might apply functional connectivity analysis (Friston, 2011) to determine which areas of the brain are the targets of the phase-locked frontocentral theta oscillations that we observed.
Experiment 2
Though the results of Experiment 1 show that theta oscillations are associated with the multisensory divided attention of an oddball task, they do not necessarily implicate cortical theta oscillations in divided attention, specifically. One critical confound is with multi-item shortterm memory. The oddball task used in the present experiment could plausibly recruit a template-matching strategy, with which subjects could hold templates in memory of the higher-pitch tone and red disc, and match each new item to that template to determine whether an oddball is present. If this is the case, then the Audio-Visual condition differs from the Auditory and Visual conditions on another dimension: the number of oddball templates held in mind (two, one visual and one auditory, as opposed to just one or the other). As theta oscillations have previously been associated with short-term memory Arnolds et al., 1980) , it will be imperative to test whether any theta oscillations observed during the audio-visual task are due to this increase in short-term memory load (the number of oddball targets held in mind) or the increase in the number of sensory streams (the difference between unisensory attention and multisensory attention). To disentangle whether the previously observed fronto-central theta oscillations are associated with divided attention or increased shortterm memory load, we conducted a follow-up experiment using a modified version of the same task. In this experiment, we independently manipulated the number of oddball targets that could appear in a given block of trials and the number of sensory streams to be attended.
Methods
Subjects
Thirty-four subjects gave written informed consent and completed the experiment. Data from ten of these subjects were excluded from analysis due to excessive EEG artifacts (epoch rejection rate >20%). Of the remaining twenty-four subjects, 18 were female and 6 were male. All were between 19 and 28 years old, were right-handed as characterized by the Edinburgh Handedness Inventory (Oldfield, 1971) , had normal or corrected-to-normal visual acuity (Snellen visual acuity 20/ 40 or better), and had clinically-normal hearing, e.g., pure tone thresholds at 0.25, 0.5, 1, 2, 4 and 8 kHz of at least 20 dB SPL in the better ear (Mueller and Hall, 1998) . Each received $30 (U. S.) for participation.
Stimuli
The experiment comprised 480 trials organized into six separate blocks. As in Experiment 1, two blocks each were devoted to Auditory, Visual, and Audio-Visual stimuli. To investigate the influence of shortterm memory load on oscillatory activity, we varied the number of possible oddballs that could occur for each of the two blocks per condition. One block of trials for each condition contained a single oddball target (Low Short-Term Memory Load: LowSTM), while the second block of trials for each condition contained two possible oddball targets (High Short-Term Memory Load: HighSTM). Fig. 4 illustrates the sequence types within both the Low and High Short-Term Memory Load conditions for Auditory, Visual, and Audio-Visual conditions. An oddball was inserted on 20% of trials, and subjects were instructed to respond as rapidly as possible with a spacebar press when they detected an oddball, as before. Descriptions of stimuli in each condition for Experiment 2 can be found in Table 2 .
Unimodal Visual sequences consisted of eight square regions, as in Experiment 1. The luminances in the square regions in a sequence were chosen randomly from the set [14.48, 17.08, 23.25, 26.86 cd/m 2 ]. In a Visual sequence, each of the four possible luminances was presented exactly twice, in random order. In the LowSTM condition, an oddball was an especially bright square (70 cd/m 2 ). In the HighSTM condition, a visual oddball could be either an especially bright square (70 cd/m 2 ) or an especially dark square (10 cd/m 2 ), but never both within a single trial. As the results from a pilot test showed no difference in performance among the two possible oddball types, we presented only the especially bright square in the LowSTM condition. Unimodal Auditory sequences consisted of eight tones, presented at ∼70 dB SPL . Tones varied over four possible frequencies (2195 ( , 1949 ( , 1724 ( , and 1519 , and each of the four possible frequencies appeared exactly twice in random order on each trial. In the LowSTM condition, an oddball was an especially high pitch (2757 Hz). Although 2757 Hz is not an especially high pitch generally, it is considerably higher than the other items which make up the stimulus sequence. In the HighSTM condition, an auditory oddball could be either an especially high pitch (2757 Hz) or an especially low pitch (1100 Hz) compared to the other items in the sequence, but never both within a single trial. As the results from a pilot test showed no difference in performance among the two possible oddball types, we presented only the especially high pitch in the LowSTM condition. Audio-Visual sequences comprised synchronous presentation of both a visual and an auditory sequence, as described in the preceding two paragraphs. In the LowSTM condition, oddball stimuli were either a visual oddball (an especially bright square at 70 cd/m 2 ) or an auditory oddball (an especially high-pitched tone at 2757 Hz). In the HighSTM condition, there were four possible oddball types: a bright square (70 cd/m 2 ), a dark square (10 cd/m 2 ), a high-pitched tone (2757 Hz) or a low-pitched tone (1100 Hz). In both the HighSTM and LowSTMconditions, 10% visual oddballs and 10% auditory oddballs were presented. Subjects were informed that on a given trial, an oddball might occur in either sensory domain, but not both. To ensure that the first item in a sequence would not be missed by the subject, all sequences were designed so that neither the lowest luminance-level (14.48 cd/m 2 ) nor the lowest pitch (1519 Hz) could appear as the first item in a sequence. As was the case for Experiment 1, the presentation rate of the eight items in a stimulus sequence in Experiment 2 varied from trial to trial and these distributions of rates varied among conditions: LowSTM Auditory: mean ∼5. 
Procedure
Before beginning the experiment, all subjects completed 60 practice trials (10 of each condition: LowSTM Auditory, HighSTM Auditory, LowSTM Visual, HighSTM Visual, LowSTM Audio-Visual, HighSTM Audio-Visual) containing 30% oddballs. Each subject then participated in six blocks of trials: two blocks each of Visual, Auditory and AudioVisual for which one block was LowSTM (one oddball target was possible) or HighSTM (two possible oddball targets for each sensory modality were possible). The random order of sensory conditions (Auditory, Visual, and Audio-Visual) for the first three blocks was counterbalanced across subjects, and the final three blocks occurred in the same order as the first three blocks. For half of the subjects, the first three blocks were set in the LowSTM condition (one possible oddball target for each sensory modality) and the second three blocks were set in the HighSTM condition (two possible oddball targets for each sensory modality), and for the other half of the subjects this order was reversed. The counterbalancing of sensory conditions and the conditions of short-term memory load yielded twelve possible orders (2 subjects were tested in each order, making a total of 24 subjects). All blocks consisted of 80 trials with 16 oddballs (for Audio-Visual blocks: eight visual, eight auditory). Self-paced breaks were given between each block as well as half-way through each block. Electrode impedance was checked twice during the experiment, after the second and fourth blocks were completed. Trials were structured in the same manner as in Experiment 1. Electroencephalographic (EEG) signals were recorded from the scalp and analyzed in the same manner as in Experiment 1. To demonstrate the remarkable consistency of the effects reported, we present topographical plots and time-frequency transforms of EEG recordings for Experiment 2 using the same anterior and posterior electrode clusters that were defined in Experiment 1.
Results
Behavior
As in Experiment 1, the rate at which oddball stimuli were detected was at or very near ceiling in all conditions (Mean hits: LowSTM Auditory=0.98, LowSTM Visual=1.00, Auditory in LowSTM AudioVisual=0.99, Visual in LowSTM Audio-Visual=0.98, HighSTM Auditory=0.99, HighSTM Visual=1.00, Auditory in HighSTM AudioVisual=1.00, Visual in HighSTM Audio-Visual=0.98). Only fifteen of the twenty-four subjects made any false positive responses (an average of 4.3 false positives each, out of a total of 480 trials). The fact that oddball detection was near ceiling, as it had been in Experiment 1, confirms that subjects had been successfully attending to the stimulus sequences.
Alpha band oscillations
As shown in the top half of Fig. 5 , topographies of alpha activity during the first second of the stimulus (0-1000 ms) in each of the six conditions (LowSTM Auditory, HighSTM Auditory, LowSTM Visual, HighSTM Visual, LowSTM Audio-Visual, HighSTM Audio-Visual) show that alpha activity was consistently present over posterior regions. While posterior alpha activity in the Auditory condition has consistently high power, the posterior alpha activity in the Visual and Audio-Visual conditions is significantly diminished following stimulus onset. This difference is made even more apparent in the timefrequency transforms (see Fig. 6 ). As expected, the alpha activity is comparable between the low (top row) and high (bottom row) shortterm memory load conditions. A 3×2 repeated-measures ANOVA compared alpha power for the three conditions (Auditory, Visual, Audio-Visual) and two short-term memory loads (high, low). Results show a significant main effect of condition (F(2, 46)=34.145, p < 0.001, η = 0.60 ). This reveals a similar pattern to that observed in Experiment 1, where alpha power continues throughout the first second of stimulus duration in the Auditory condition only. In our paradigm, short-term memory load (the number of oddball targets) had no significant effect on alpha power. That there was no significant effect of short-term memory load confirms the hypothesis that alpha power is specifically related to selective attention by suppression of task-irrelevant sensory modalities.
Theta band oscillations
Time-frequency transforms of the theta activity, shown in Fig. 7 confirm what was seen in Experiment 1, namely that fronto-central theta power, especially in the Audio-Visual condition, was highest in the first 250 ms after stimulus onset and dissipated rapidly thereafter. Note that the color map scale for these time-frequency transforms has been slightly altered to highlight the difference in theta power among conditions. No substantial differences in theta activity are observed between short-term memory load conditions in either the topographies (see Fig. 5 ) or the time-frequency transforms (see Fig. 7 ), suggesting that the high theta power observed upon the onset of Audio-Visual trials is likely a marker of divided attention rather than of increased short-term memory load.
Using the same anterior cluster of electrodes as before, a repeatedmeasures ANOVA examined theta power in all conditions (LowSTM Auditory, HighSTM Auditory, LowSTM Visual, HighSTM Visual, LowSTM Audio-Visual, HighSTM Audio-Visual) during the time interval comprising the first one second of stimulus presentation (0-1000 ms). A main effect of condition (F(2,46)=8.50, p < 0.001, η = 0.27 p 2 ) showed that theta power differed significantly among Auditory, Visual, and Audio-Visual conditions. There was no main effect of the number of oddball targets (F (1, 23) < 0.001, p=0.98, η < 0.001 ). This suggests that the fronto-central theta power observed does not vary with short-term memory load.
Separation of induced and evoked oscillations
The results of Experiment 1 and 2 shown in Figs. 3, 6 , and 7 suggest that posterior alpha oscillations during selective attention to auditory stimuli are induced (not phase-locked) and are continuous from prestimulus through the stimulus duration, while fronto-central theta oscillations during divided attention are evoked by stimulus onset (David et al., 2006) .
To test this distinction, we first calculated the averaged waveform for each subject in Experiment 2 at each electrode. For each subject, we then subtracted these averages from the activity at each electrode on each trial. This subtraction of the evoked (averaged) activity left only the induced activity. Next, we created log-transformed wavelets of this remaining activity and plotted time-frequency transforms for the significant anterior and posterior clusters of electrodes found in Experiment 1 (see Fig. 8 ). The time-frequency transforms for the posterior electrode cluster (top two rows of Fig. 8) show that the effect seen within the alpha frequency band (high alpha power pre-stimulus in all conditions and continuous alpha power during stimulus presentation in the Auditory condition specifically) remains robust. However, the time-frequency transforms for the anterior electrode cluster (bottom two rows of Fig. 8) show that the effect seen within the theta frequency band (highest theta power at the onset of a trial, particularly in the Audio-Visual condition) is substantially diminished. This observation was confirmed statistically by repeating the analyses of variance conducted on the wavelets in Experiments 1 and 2, on the wavelets of induced activity after subtraction of the evoked activity. For the posterior cluster of electrodes, alpha power still varied significantly by condition (Auditory, Visual, or Audio-Visual) (F(2, 46)=12.93, p < 0.001, η = 0.36
). This confirmed that the alpha effect observed in the posterior cluster of electrodes was not eliminated by the subtraction of evoked oscillations. An unexpected result of this analysis of variance was that short-term memory load was associated with significant variations in posterior alpha activity (F(1, 23)=4.62, p=0.042, η = 0.17 p 2 ), though the effect size was small and the ANOVA did not yield an interaction between condition and short-term memory load (F(2, 46)=0.13, p=0.88, η = 0.02 p 2 ). In contrast to the finding that alpha power still varies by condition when evoked activity is removed, the ANOVA on theta activity in the anterior cluster of electrodes revealed no significant difference across condition (F(2, 46)=0.19, p=0.83, η = 0.01 ). This suggests that the higher theta power we observed in the anterior cluster of electrodes during the Audio-Visual condition was evoked by stimulus onset, as the effect was eliminated when we subtracted evoked oscillations away from the induced activity.
The finding that posterior alpha oscillations during selective attention are not eliminated by a subtraction of evoked activity provides further evidence that this activity is induced, while the finding that fronto-central theta oscillations during divided attention are eliminated by a subtraction of evoked activity provides further evidence that this activity is evoked. Subtracting the evoked activity also makes the induced alpha activity in both posterior and anterior clusters more clearly visible in the time-frequency transforms. The alpha activity seen in the Visual and Audio-Visual conditions toward the end of the onesecond time window may reflect a ramping on of alpha oscillations in preparation for the next trial.
To further investigate the characteristic differences between induced alpha activity and evoked theta activity, we analyzed the intertrial phase coherence (ITPC) for each of the six conditions. ITPC provides a measure of the consistency of oscillations across trials and across participants. Fig. 9 depicts ITPCs during stimulus presentation for the posterior and anterior clusters of electrodes separately, across frequencies between 2 and 20 Hz.
The bottom half of Fig. 9 shows that theta ITPC within the anterior cluster of electrodes is high at the onset of the stimulus, especially in the Audio-Visual condition, replicating our previous findings. Moreover, theta ITPC does not appear to vary by short-term memory load, providing further evidence that the fronto-central theta oscillations observed at the onset of Audio-Visual trials is not a marker of increased short-term memory load. To confirm these observations, a 3×2 repeated-measures ANOVA compared ITPC within the theta frequency range across the three stimulus conditions (Auditory, Visual, and Audio-Visual) and two short-term memory loads (LowSTM and HighSTM). This revealed a large main effect of condition (F(2, 46)=21.09, p < 0.001, η = 0.48 ). This pattern replicated what we observed in the power spectra, suggesting that fronto-central theta oscillations are evoked by the onset of simultaneous auditory and visual sequences.
The top half of Fig. 9 shows that in the posterior cluster of electrodes, the effect in the alpha frequency range is less apparent as compared to the time-frequency transforms (Fig. 6) . A 3 (condition)×2 (short-term memory load) repeated-measures ANOVA on the posterior ITPC in the alpha frequency range showed that the effect of condition remained significant, though with a much smaller effect size (F(2, 46) =5.48, p=0.007, η = 0.19 ). The finding that the pattern of theta activity we observed in the power spectra remains strong in the anterior ITPC, while the pattern of alpha activity is reduced in the posterior ITPC further suggests that the fronto-central theta oscillations we observed were evoked while the posterior alpha oscillations were induced.
Given this evidence that the fronto-central theta oscillations we observed were evoked by stimulus onset, we further investigated theta's contribution to the event-related potential (ERP). Averaging the oscillatory activity across trials and across participants from 2 to 30 Hz, we computed ERPs for each of the six conditions (Auditory, Visual, and Audio-Visual; LowSTM and HighSTM) separately (Fig. 10 , left side). As depicted in Fig. 10 , the ERP for the Audio-Visual conditions clearly resemble a theta oscillation, in line with our interpretation that theta oscillations synchronize upon stimulus onset. To quantify this observation, we computed periodograms, which were generated by decomposing the averaged ERP data with a Fourier transform to determine the mean amplitude for discrete frequency values (1-20 Hz). Applying this procedure to each condition generated the periodograms depicted in the right-hand column of Fig. 10 . The periodogram for the Audio-Visual ERP reveals predominant activity at 6 Hz, indicating that theta oscillations make a substantial contribution to the overall ERP. Notably, the periodogram for the Auditory ERP shows predominant activity at 5 Hz, also within the theta frequency band (4-7 Hz). This finding is in accord with our observation of somewhat increased theta power during the Auditory condition, likely due to the multisensory nature of performing the auditory task while focusing eye gaze on a visual mark.
Although both alpha and theta oscillations are associated with the allocation of attention to sensory stimuli, these oscillations may operate through very different mechanisms. For example, it may be that alpha oscillations operate as a continuous suppressor of distracting information by inhibiting sensory processing, while theta may be involved in a phase-resetting that affects activity in other locations in the brain.
Discussion
The results of Experiment 2 confirm key conclusions suggested by Experiment 1. First, Experiment 2 showed that sustained alpha oscillations over posterior regions during an auditory attention task is highly consistent across trials and across subjects. We replicated the findings that alpha power is high in the pre-stimulus time interval for all three conditions (Auditory, Visual, and Audio-Visual), representing the preparation to selectively attend to certain sensory information, and that alpha power remains high throughout the first second of Auditory trials only, representing the suppression of processing of visual input in order to advantage processing of task-relevant auditory input. As we did not expect alpha activity to vary with short-term memory load, the absence of a significant difference in alpha power between high and low short-term memory load conditions confirmed the specificity of alpha's role in selective attention. This is in accordance with the idea presented by Klimesch (1996) that alpha plays a critical role in the formation of long-term memories (Sheridan et al., 1988; Saletu and Grünberger, 1985) but is less involved in short-term memory.
Experiment 2 also set out to determine whether the fronto-central theta oscillations observed at the onset of trials in the Audio-Visual condition of Experiment 1 were related to divided attention (between visual and auditory streams of information) or to short-term memory load (the number of oddball targets held in mind). By independently manipulating the number of sensory streams to be attended (visual, auditory, or both simultaneously) and short-term memory load (the number of possible oddball stimuli), we determined that theta power varied with the number of sensory streams attended and not with the number of oddball targets held in short-term memory. These results confirm the hypothesis that fronto-central theta oscillations play a critical role in multisensory divided attention. In the paradigm used here, fronto-central theta oscillations appear more likely to be related to cognitive control (Cooper et al., 2016; Cavanagh and Frank, 2014) than short-term memory (Klimesch, 1996) . Though we did not replicate our findings in Experiment 1 of continuously high inter-trial phase coherence in the alpha frequency range throughout Auditory trials, we did replicate the pattern of inter-trial phase coherence in the theta range (with Audio-Visual ITPC highest at stimulus onset).
General discussion
Our study aimed to expand the understanding of the contributions cortical oscillatory activity makes to attention. Experiment 1 confirmed the theoretical perspective that oscillations in the alpha frequency range (8-13 Hz) are critical for selective ignoring of task-irrelevant sensory information (Payne and Sekuler, 2014; Huang and Sekuler, 2010; Romei et al., 2010) . The present results expand upon this idea by demonstrating continuous posterior alpha power when subjects ignore task-irrelevant visual sequences, thereby perhaps advantaging auditory attention. During an audio-visual oddball paradigm subjects had to attend simultaneously to auditory and visual sequences. The result showed that oscillations in the theta frequency range (4-7 Hz) were associated with multisensory divided attention, independently of task difficulty. This result extends our understanding of how different frequencies of cortical oscillations participate in different forms of attentional allocation, supporting the idea proposed by Kopell et al. (2010) and expanded upon by Cannon et al. (2014) that different frequency bands of cortical oscillations are critically involved in particular cognitive functions. That the fronto-central theta oscillations observed in our data appear to be evoked by stimulus onset and dissipate quickly implies that these theta oscillations are not simply a marker of an "oscillation" of attention (switching back and forth between auditory and visual stimuli). Rather, it may be the case that these fronto-central theta oscillations reflect the engagement of divided attention mechanisms upon the onset of a divided attention task. In Experiment 2, we confirmed that these associations (alpha activity with selective attention, and theta activity with divided attention) were independent of short-term memory load. By independently varying the number of stimulus targets that subjects had to hold in short-term storage and the number of sensory streams to be attended, the experiment showed that cortical oscillatory activity in the alpha and theta bands were not related to the short-term memory load, but were consistently related to unisensory and multisensory attentional allocation required for the task. Together, these experiments provide important support for the theory that variations in oscillatory activity, measurable at the human scalp, are associated with the ability to suppress task-irrelevant information, while devoting attentional resources to task-relevant information.
The suggestion that alpha oscillations are associated with selective attention came originally from work using correlational methods (e.g., Fig. 8 . Time-frequency transforms of induced oscillations after a subtraction of the averaged waveform for each subject at each electrode from each trial in Experiment 2. Columns: Auditory, Visual and Audio-Visual, Alternating Rows: LowSTM (one target) and HighSTM(two targets), Top Half: Averaged activity over the posterior cluster of electrodes, Bottom Half: Averaged activity over the anterior cluster of electrodes. Dotted white line represents stimulus onset; solid white line represents one second after stimulus onset. Worden et al., 2000; Kelly et al., 2006; Thut et al., 2006) . Those studies correlated changes in alpha power with changes in selective attention to important (task-relevant) sensory information. To provide evidence for a causal relationship between alpha activity and selective attention, researchers subsequently turned to rate-selective repetitive transcranial magnetic stimulation (rTMS) (Romei et al., 2010) . They measured differences in attentional effects when the brain was stimulated with pulses delivered at a rate within the alpha frequency range versus outside of this range. Our experiments demonstrated a correlation between theta activity and an instruction to divide attention between multiple sensory modalities. Future experiments, therefore, might attempt to test a causal link between theta oscillations and divided attention. Using rate-selective rTMS, one could compare performance on a divided attention task when fronto-central regions of the brain were stimulated with rTMS within the theta frequency range versus outside that range. If stimulation within the theta range specifically impaired subjects' ability to exploit divided attention, this would confirm a causal connection between theta oscillations and the division of attention.
Although our experiments demonstrated a correlation between theta oscillations and multisensory divided attention, our results do not distinguish between a relationship of theta activity to divided attention generally, or a relationship between theta activity and multisensory divided attention more specifically. To address this, a followup experiment might use a task that requires attention to multiple concurrent streams of information within a single modality (such as multiple visual sequences or multiple auditory sequences).
The increase in fronto-central theta oscillations during multisensory divided attention that we observed may be explained in an alternative, but not necessarily contradictory, fashion. Namely, it could be the case that these oscillations are associated with the generation of an event-related potential (ERP). Recently, researchers have begun to converge on the idea that components of the ERP are created by synchrony among various frequencies of cortical oscillations (Gruber et al., 2005) . The Auditory Evoked Potential (AEP), which has been studied in great detail, is characterized by an increased negative deflection at approximately 100 ms after stimulus onset. Known also as the Auditory N1 (Picton et al., 1974) , this response can be seen in both the Auditory and Audio-Visual conditions of our experiment in Fig. 10 . The response also appears slightly more negative in response to multisensory stimuli. AEPs are also typically recorded over frontocentral regions of the brain, where we observed the strongest theta power (Picton et al., 1974) . As theta oscillations have previously been associated with the Auditory N1 (Klimesch et al., 2004; Bruneau et al., 1993) , it may be that the enhanced theta power observed in our AudioVisual condition reflects an amplification of the Auditory N1 response when visual items are presented synchronously with auditory items. Given that numerous behavioral studies using concurrent auditory and visual stimuli have demonstrated audio-visual integration (Seilheimer et al., 2014; Driver and Noesselt, 2008; Senkowski et al., 2008; Stein et al., 2014) , it is unsurprising that an electroencephalographic correlate of auditory processing would be enhanced by simultaneous visual information. The present study presented different conditions in different blocks of trials, which did not allow for a common baseline to compute and compare ERPs among conditions. Followup experiments in which audio-visual attention and auditory attention conditions are interleaved could determine whether the amplitude of the N1 response is increased more during audio-visual attention than during auditory attention alone.
Some researchers have adapted paradigms designed to analyze ERP components in order to explore the effects of visual stimuli on the N1 response in various tasks. They found that vision and audition appear to interact in their impact on the N1. For example, Stekelenburg and Vroomen (2007) showed that non-speech audio-visual events were associated with a faster-onset and lower-amplitude N1 than in response to auditory events alone, and Gondan et al. (2007) demonstrated that the auditory N1 is increased if an auditory stimulus follows a visual stimulus, compared to when the modality is unchanged. Building upon these findings, Alsius et al. (2014) analyzed ERP responses to the McGurk Effect (McGurk and MacDonald, 1976) . In the McGurk paradigm, two different syllables are presented simultaneously, one ("ba") auditorily and another ("ga") visually (by video of a face speaking the syllable), resulting in a robust perception of a third syllable ("da"). Alsius et al. (2014) found that when attention was fully focused on spoken syllables, the auditory N1 component peaked earlier to audiovisual stimuli than to auditory stimuli presented alone. In an investigation of ERP responses in audio-visual synaesthetes, Sinke et al. (2014) reported an enhanced auditory N1 amplitude in synaesthetes compared to controls. Our results shown in Fig. 10 provide additional evidence that multisensory processing involving audition may yield an enhanced N1 response to the auditory stimuli.
The analysis of inter-trial phase coherence, presented in Fig. 9 , reveals that oscillations in the alpha band recorded from posterior electrodes are highly phase-locked throughout the trial in an auditory attention task, though this result varies somewhat from Experiment 1 to Experiment 2. Additionally, oscillations in the theta band recorded from anterior electrodes were found to be highly phase-locked at stimulus onset in an audio-visual attention task. The results of intertrial phase coherence analyses in other experiments have been interpreted as reflecting underlying neural synchrony (Nash-Kille and Sharma, 2014), though the mechanisms that generate this synchrony
are not yet fully understood. Interestingly, a recent study by Koerner and Zhang (2015) showed that the inter-trial phase coherence is specifically related to the generation of the N1/P1 complex (the N1 and the P1 components of the ERP taken together), correlating with amplitude and latency measures, suggesting that our characterizations of averaged activity and phase angle in fronto-central regions may be interrelated.
Our results demonstrate an association between fronto-central theta oscillations and multisensory divided attention, but do not address the mechanism by which attention is shared among two or more sets of information by the brain. Whether divided attention actually functions as a spotlight of attention that scans a scene (Posner, 1980) , or whether division of attention is made possible by some steady-state division of attention's limited resources (Kahneman, 1973) , is still up for debate. Though our two experiments did not answer this question definitively, our results do suggest that, if frontocentral theta oscillations are causally involved in divided attention, then their involvement is brief, occurring quickly upon stimulus onset, rather than ongoing while attention is divided (at least in our task). The temporal characteristics of theta oscillations evoked by stimulus onset in our Audio-Visual condition seem ill-suited for supporting divided attention for the full one second of a stimulus sequence. In particular, it is not clear how a short period of enhanced theta could have a relatively long-lasting effect. One possibility is that this rapid-onset, brief enhancement of theta oscillations triggers attentional responses elsewhere in the brain, perhaps by synchronizing with fronto-central regions. Alternatively, it may be that the fronto-central theta oscillations we observed are a by-product of divided attention, not something in attention's causal chain. Follow-up studies using rTMS or more difficult behavioral tasks producing a larger percentage of errors would start to answer these important questions. If theta oscillations do represent a spotlight of attention alternation between sensory streams, then it will also be important to analyze the temporal microstructure of this fluctuation to determine how rapid the alternation is or can be (VanRullen, 2013) .
An important limitation to the experiments presented here is that the frequency of stimulation (approximately 4-7 Hz) is within the theta frequency band. We chose to use low frequencies of stimulation to fluctuate slowly enough that auditory processing was not advantaged over visual processing. We also chose to focus on analyzing power and inter-trial phase coherence within the 4-7 Hz frequency band despite that this overlaps with the frequency of stimulation. One consequence of this overlap is that one might be inclined to interpret the theta oscillations observed as simply a reflection of the stimulus fluctuation frequency. Indeed, when we computed ERPs for the anterior cluster of electrodes in Experiment 2 (Fig. 10) , it appeared that the principal frequency of oscillation seen in the Auditory condition and AudioVisual condition matched the average rate of stimulus presentation in each of these conditions. Particularly, the bottom left panel of Fig. 10 shows that the ERP from the Audio-Visual condition resembles a theta oscillation, fluctuating at about 6 Hz. This dominant fluctuation at 6 Hz is confirmed by the accompanying periodograms. For the Audio-Visual condition, whose ERP most resembled an oscillation in the theta frequency range (4-7 Hz), the periodogram reveals the highest amplitude activity at 6 Hz. These results could be interpreted as meaning that theta oscillations are a significant component of the event-related potential, in agreement with our results regarding the tight phase-locking of theta activity upon stimulus onset in this condition. This is also in accordance with our findings that theta oscillations occur only briefly at stimulus onset in the Auditory condition as well, though to a lesser extent than in the Audio-Visual condition. However, another interpretation of these results is that the theta oscillations observed are generated by the differences in the frequency of stimulation rather than differences in the allocation of attention. That brain activity exhibits oscillations at the frequency of stimulus fluctuation has been observed previously, and is known as a steadystate visual evoked potential (SSVEP) or steady-state auditory evoked potential (SSAEP) (for a review, see Vialatte et al., 2010) . However, there are some key differences between characteristics of the SSVEP/ SSAEP and the characteristics of the theta oscillations observed here. First, SSVEPs/SSAEPs are found primarily over sensory cortices (occipital lobe and temporal lobe, respectively), though they may propagate to other regions. Contrary to this, the theta oscillations observed here were found in a confined anterior cluster of electrodes over fronto-central regions of cortex (see Figs. 2 and 5 ). Though we did observe a significant cluster of theta activity in more posterior regions as well this was not the region analyzed in the present study. Second, SSVEPs/SSAEPs are entrained responses that are observed to be ongoing as the stimulus presentation continues. Unlike the ongoing oscillatory activity observed with these entrained responses, the increase in power and phase-coherence of the theta activity we observed occurred primarily within the first 250 ms of stimulus onset (see Figs. 3 and 7 for time-frequency transforms; 9 for inter-trial phase coherence). Third, when SSVEPs/SSAEPs are obtained clinically, the stimuli are typically presented at a steady rate for several seconds and consist of a single, recurring item. In the study presented here, we presented subjects with only eight items per trial over the course of less than 1500 ms, with random jitter in the timing between items, and with fluctuations in luminance, loudness, or pitch. All of these factors would have reduced the chances of observing a steady-state evoked potential. Fourth, SSVEPs/SSAEPs typically do not appear at the onset of a stimulus, but rather only after some period of stimulation. The theta activity that we observe, however, occurs directly upon stimulus onset and appears to be evoked by the onset of the first item in a sequence. For example, it would be nonsensical to infer that the brain entrains to a 6 Hz oscillation before 6 Hz stimuli are presented. At the very least, multiple items in the sequence would need to be presented in order for the frequency of presentation to be inferred. However, each item in a sequence was presented for more than 125 ms and the theta oscillations appear with high inter-trial phase coherence prior to 125 ms. Moreover, the exact frequency of stimulation on a given trial was variable so could not be precisely predicted prior to trial onset. To confirm that fronto-central theta oscillations are, in fact, a marker of multisensory divided attention, future investigations could present stimuli that fluctuate outside of the theta frequency band.
The results of our study show that selective and divided attention are marked by cortical oscillations in distinct frequency bands, which are believed to reflect activity in distinct regions of cortex. The act of selectively attending to a sequence of auditory items while ignoring distracting visual input is marked by continuous alpha oscillations over posterior regions of the scalp. This finding corroborates prior evidence that alpha oscillations are important for selective ignoring of taskirrelevant information. Our research extends this idea to the ignoring of visual surroundings in a continuous manner in order to advantage processing of auditory sequences. Experiment 1 also showed that fronto-central theta oscillations at stimulus onset are associated with multisensory divided attention. Experiment 2 confirmed that these theta oscillations were more likely related to the allocation of attention to two sensory modalities than to an increase in short-term memory load. Together, these findings suggest that continuous alpha oscillations play a role in ongoing selective attention to sensory stimuli, while brief, rapid-onset theta oscillations play a role in multisensory divided attention.
